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n the June 1984 issue of PNAS, James Lake and colleagues (1) published a provocative article in which they proposed that eukaryotes (animals, fungi, plants, and protists) evolved from a specific group of thermophilic prokaryotes, the ''eocyte'' archaebacteria (1) . Few questions capture the imagination of biologists like the origin of eukaryotic (nucleus-containing) cells such as our own, and as additional support accumulated (e.g., refs. 2-4) Lake's eocyte hypothesis garnered considerable attention. The idea that eukaryotes could have arisen from within an already diversified archaebacterial lineage was eventually overshadowed by Woese's (5) ''three-domains'' view of life in which archaebacteria (including eocytes) represent a natural (i.e., monophyletic) group to the exclusion of eukaryotes and eubacteria (5) . In this issue of PNAS, Cox et al. (6) revisit the possibility of an archaebacterial origin for eukaryotes by using expanded molecular sequence datasets and ultramodern phylogenetic approaches. Their analyses are a model of rigor and rekindle interesting and important ideas about the prokaryotic antecedents of eukaryotic cells.
Evolving Views on the Tree of Life
Next to life itself, the origin of complex cells is one of the most fundamental, and intractable, problems in evolutionary biology. Progress in this area relies heavily on an understanding of the relationships between present-day organisms, yet despite tremendous advances over the last half-century scientists remain firmly divided on how to best classify cellular life. Many adhere to the textbook concept of 2 basic types of cells, prokaryotes and eukaryotes, as championed by Stanier and van Niel (7). Others posit that at its deepest level life is not a dichotomy but a trichotomy comprised of cells belonging to the domains Bacteria, Archaea, and Eukarya, each monophyletic and sufficiently distinct from one another to warrant equal status (5, 8) . The conceptual and practical challenges associated with establishing a genealogy-based classification scheme for microbes have been fiercely debated for decades (see ref. 9 for recent review), and the literature is rich in philosophy and rhetoric.
The genomics revolution of the 1990s brought tremendous optimism to the field of microbial systematics: if enough genomes from diverse organisms could be sequenced and compared, definitive answers to questions about evolutionary relationships within and between eubacteria, archaebacteria, and eukaryotes would surely emerge. More specifically, it should be possible to discern how eukaryotes evolved from prokaryotes (if indeed that is what happened), and perhaps even who among modern-day prokaryotic lineages is our closest ancestor. Unfortunately, with the sequences of hundreds of eubacterial, archaebacterial, and eukaryotic genomes has come the realization that the number of universally distributed genes suitable for global phylogenetic analysis is frustratingly small (10) . Lateral (or horizontal) gene transfer has shown itself to be a pervasive force in the evolution of both prokaryotic and eukaryotic genomes, and even if a ''core'' set of genes can be identified (and there is much debate on this issue), how confident are we that the phylogenetic signal in these genes reflects the vertical history of cells? How meaningful are sequence alignment-independent, gene content-based approaches to resolving the ''tree of life'' (11) ? To what extent is a ''net of life'' a more accurate and useful metaphor for describing the full spectrum of life on Earth (10, (12) (13) (14) ?
These vexing questions aside, it is important to consider what analyses of universally distributed genes have, and have not, revealed about the relationships between prokaryotes and eukaryotes. The advent of rRNA gene sequencing led to a revolution in microbiology with the discovery of the third domain of life, the archaebacteria (15), but rRNA phylogenies do not in and of themselves unambiguously support the monophyly of the group. Some analyses in fact place the crenarchaeotes [Lake's eocytes (1)] as the sister group of eukaryotes to the exclusion of the other main archaebacterial line, the euryarchaeotes (e.g., refs. 2 and 4). Similarly, although analyses of anciently diverged paralogs such as genes encoding translation elongation factors often [but not always (16) ] place the root of the tree of life on the branch leading to eubacteria, they are equivocal as to whether archaebacteria are monophyletic or whether crenarchaeotes are adjacent to eukaryotes (e.g., refs. 17 and 18). A striking 11-aa insertion in the elongation factor 1␣ (EF-1␣) protein identified by Rivera and Lake (3) supports the eocyte tree, as does the phylogeny of EF-1␣ itself (e.g., refs. 3 and 17).
New Support for an Old Idea
Cox et al. (6) perform a critical examination of the evidence for and against the eocyte hypothesis and the 3-domains tree: they revisit the phylogeny of large subunit (LSU) and small subunit (SSU) rRNA and carry out a comprehensive analysis of a set of 51 genes/proteins that includes components of the core replication, transcription, and translation machinery, the so-called ''informational'' genes (19) . Using sophisticated methodologies that accommodate among-site compositional heterogeneity in DNA and protein sequences (20) and lineagespecific compositional changes over time (21) , Cox et al. show that a combined 40-taxon LSU-SSU rRNA dataset produces topologies consistent with the eocyte tree, not the 3-domains tree. Thirty-nine of the 51 core proteins analyzed were found to be heterogeneous in amino acid composition, and remarkably, only a single protein (the largest subunit of RNA polymerase I) generated a statistically robust topology in which archaebacteria were monophyletic, i.e., crenarchaeotes and euryarchaeotes were each other's closest relatives. The remaining trees provided no strong evidence for or against either hypothesis, although of the 35 trees in which eukaryotes emerge from within a paraphyletic archaebacteria, 8 show the eocyte topology (6) . Consistent with the results of Yutin et al. (22) , it would appear that individual proteins analyzed in isolation do not paint a consistent picture as to whether the 3-domains tree should be favored over the eocyte tree or vice versa.
In search of increased resolution, Cox et al. (6) performed a battery of additional phylogenetic analyses on a concatenated set of 45 proteins culled from the original 51-protein dataset by eliminating alignments containing multiple eukaryotic paralogs. Using this supermatrix of 5,521 amino acid sites, traditional methods such as maximum parsimony resulted in the 3-domains topology, but a strongly-supported eocyte tree was obtained when maximumlikelihood and Bayesian analyses were performed, even under a ''composition homogeneous'' model. Use of a reduced amino acid alphabet to minimize the impact of saturation and/or compositional heterogeneity resulted in a robust crenarchaeote-eukaryote relationship. In sum, their analyses ''. . . provide support for the eocyte tree, rather than the 3-domains tree'' (6) .
What are we to make of this conclusion? The gulf between prokaryotes and eukaryotes is obviously enormous, and the thorn in the side of the eocyte hypothesis has always been how to rationalize crenarchaeote-eukaryote monophyly with the apparent unity of archaebacteria from the perspective of molecular and cell biology. One of the most commonly raised objections is the fact that archaebacteria possess glycerolether membrane lipids, unlike the glycerol-ester lipids found in most eubacteria and eukaryotes. If, as the eocyte hypothesis predicts, the eukaryotic nucleocytoplasm evolved from within archaebacteria, eukaryotes would have had to replace their ancestral lipid biosynthesis pathway with a eubacterialtype system. At first glance this might seem problematic but it is not so difficult to imagine given that the ''operational'' genes of eukaryotes are primarily eubacterial in origin, not archaebacterial (23) .
Conversely, comparative genomic studies have revealed that most ''informational'' genes in archaebacteria (e.g., those involved in DNA replication, transcription, and translation) are related to eukaryotic homologs (23, 24) . Although it is often assumed that archaebacteria are monophyletic, there is in fact still much to learn about the biology of crenarchaeotes relative to euryarchaeotes. Indeed, the recent discovery of a novel cell division machinery in diverse crenarchaeal genera, unrelated to the FtsZbased system found in euryarchaeotes and with proteins homologous to components of the eukaryote-specific endosomal protein sorting apparatus (25, 26) , raises the possibility that a variety of molecular phylogeny-independent characters will eventually be brought to bear on the validity of the eocyte hypothesis.
The extent to which a small fraction of the genomes of living organisms can be used to trace the history of cellular lineages dating back Ͼ1 billion years will no doubt continue to be debated for years to come. Regardless, an important message to be taken from the analysis of Cox et al. (6) is just how sensitive the results of molecular phylogenies involving anciently diverged sequences can be to model misspecification and compositional heterogeneity. Beyond serving as a general impetus for reexamination of any number of tough phylogenetic problems, the results of Cox et al. serve to put the eocyte hypothesis firmly back ''on the radar'' of those struggling to understand the earliest events in the diversification of cellular lineages.
